SPAGHETTI is a computer program to simulate genetic populations with segregating molecular markers that are influenced by ''real-life'' complications such as duplicated loci and segregation distortion. It produces output that is readable by popular mapping software, and it can be used to demonstrate or test methods for constructing genetic linkage maps. The source code, sample files, instructions for use, and an executable version compatible with MS Windows are available for free from http://gnomad.agr.ca/ software/spaghetti.
Modern genomics in any biological species requires highquality genetic linkage maps. Technologies and software for genetic linkage mapping have improved considerably-to the point where it is no longer a formidable task to develop a new map. However, the perceived simplicity of generating a new linkage map can hide many of the significant pitfalls that may be encountered. Software engineers do their best to balance simplicity with caution and quality control. Nevertheless, it is quite possible for a ''novice'' to produce and publish a ''good-looking map'' that contains substantial inaccuracies that neither he/she nor the audience is aware of.
The inaccuracy of genetic linkage maps has always been a concern and is now being addressed partially through the development of consensus maps. Several methods and procedures for merging linkage maps have been described recently (e.g., Jansen et al. 2001; Mester et al. 2006; Wu and Bhat 2008) , and this is an area of active research. However, the diversity of these methods, as well as the many steps and decisions that are required, make consensus mapping a complex undertaking with many possible outcomes.
One strategy employed in the development and testing of procedures for genetic analysis is the use of stochastic genetic simulation. Computer programs are used to create binary representations of alternate alleles at a series of genetic loci. These alleles are made to segregate probabilistically based on a set of rules that emulate linkage, recombination, and Mendelian inheritance. Integrated genetic simulation environments such as GREGOR (Tinker and Mather 1993) and QU-GENE (Podlich and Cooper 1998) have been developed for use in teaching and in research, and many other genetic simulation engines are available. These environments permit modeling of many complex genetic scenarios, such as those where alleles are given quantitative effects. However, these environments generally do not contain procedures to emulate unique issues encountered in the development of molecular marker maps. Examples include the generation of missing and misscored marker data, reversed scoring phase, duplicated loci, and segregation distortion.
The objective of the current work is to encourage end users and developers of genetic mapping software to conduct exploratory map construction with simulated populations and to provide a flexible genetic simulation engine that will simplify this task. The name ''SPAGHETTI'' is an acronym for ''simulated plant or animal genome with hidden enigmas to torment and test the investigators.'' This name alludes to the possibility that one ''simulating investigator'' can generate mapping data based on parameters that are unknown to a second ''mapping investigator''-thus providing an objective test of how well the underlying genome can be recovered in a genetic map.
Features and Functionality
SPAGHETTI is based on a simple command line execution that requires 1 or 2 input files. Optionally, the program can be run from a primitive graphical user interface that allows users to specify the input files prior to execution. The primary input file specifies population-related parameters. This includes the number and type of progeny in each simulated population, as well as the proportion of loci that will segregate, the proportions of missing and mis-scored data, and the proportion of markers that are scored in reverse phase. The current version can simulate progeny from F 2 , doubled haploid, or recombinant inbred populations. A second input file contains a definition of the underlying genome. This file lists the name and location of every possible locus that can segregate. In the current implementation, each locus has 2 possible alleles. Each locus is given a descriptive name as well as a random name that can be used to disguise the true marker identity in the output files. Three additional parameters can be specified for each locus: 1) an integer indicating a dominant allele, 2) a number indicating the degree of segregation distortion, and 3) a number identifying a second ''duplicated'' locus. Duplicated loci are essentially epistatic, such that the dominant alleles at both loci are indistinguishable. This is a common problem, especially in polyploid species, that can confound the formation of linkage groups or the merging of maps.
If the genome is not specified by an input file, then a random genome will be created. When this is done, then the primary input file can specify the total number of loci in the genome, the number of chromosomes on which they Figure 1 . Comparison of maps created from simulated data. The underlying genome contained 50 markers on a single 100 cM chromosome at the positions indicated by the center map. Five F 5 populations were simulated, each with 60 progeny. In each population, approximately 33% of the loci were segregating, 10% of the data points were missing, and 3% were scored incorrectly. Maps were generated from the simulated data using JoinMap 4 software (Kyazma) with default settings. The map on the left was created from one of the populations, whereas the map on the right was created by merging pairwise marker distances from all 5 populations. Markers from the top portion of the map on the left did not segregate in the population from which this map was generated. They did segregate in other populations, which is why they are present in the consensus map. The comparative map diagram was drawn using the software ''C2Maps,'' which is an enhancement to M5 (Tinker 1999) and is available from the author.
will be placed, and the average length of each chromosome. By default, loci are distributed uniformly on each chromosome, but a proportion of loci following a normal (Gaussian) distribution centered at the midpoint of each chromosome can also be specified. On execution, the random genome will be written to a file that can be reused or modified as a genome input file for a later simulation.
When executed, SPAGHETTI produces a set of formatted mapping files for each population. Two types of output are produced. The first contains a ''perfect'' data set, with all possible loci scored codominantly and no data abnormalities. The second contains data that incorporate the abnormalities specified by the input parameters. Each file is saved in both Mapmaker and JoinMap format. In addition to these files, a log file is written to show which markers have been randomly flipped, duplicated, or distorted within each population.
Example of Use
SPAGHETTI can be used in a variety of ways. Here we demonstrate the generation of 5 F 5 recombinant inbred populations in a genome with a single 100 cM chromosome. JoinMap 4 software (Kyazma) was used to analyze data from a single population and from the combined set of 5 populations. The resulting maps were compared with the underlying genome (Figure 1 ). In this example, one of the maps from a single population contains only 15 markers, whereas the map from the merged populations contains 40 markers. Each derived map can be compared with the underlying map by standardizing the positions of the common markers such that each map has a range from 0 to 1 for common markers and then finding the mean sum of squares of differences between marker positions. The SPAGHETTI distribution file contains a small utility to simplify this task. In Figure 1 , the mean square for comparing the single population map (on the left) with the underlying map (center) is 0.28. For the merged map (on the right), the mean square is 0.11, indicating that the merged map has improved in quality (closeness to the original) as well as in number of markers. These results demonstrate the power and precision gained by the joint consensus mapping, as well as the ability to increase map coverage through the union of markers from different populations. The fact that both derived maps are quite different from the underlying map illustrates that the population size employed in these populations may be marginal for this task.
Availability
The source code, sample files, instructions for use, and an executable version compatible with MS Windows are available for free from http://gnomad.agr.ca/software/ spaghetti. Both the source code and executables are distributed under a general public license attached to the distribution. Under this agreement, the source code can be modified and compiled for use within any computer environment.
Conclusion
Through the use of genetic simulation in an accessible package like SPAGHETTI, it is hoped that investigators will gain more familiarity with the pitfalls of map construction and be better positioned to optimize decisions about experimental design, methods of analysis, and choice of software. Furthermore, it is hoped that these simulations will assist software developers in the design of better methods and procedures for consensus mapping.
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